We report on our on-going effort to detect and characterize cometary nuclei with the Hubble Space Telescope (HST). During cycle 9 (2000 July to 2001 June), we performed multi-orbit observations of 10 ecliptic comets with the Wide Field Planetary Camera 2. Nominally, eight contiguous orbits covering a time interval of ∼11 h were devoted to each comet but a few orbits were occasionally lost. In addition to the standard R band, we could additionally observe four of them in the V band and the two brightest ones in the B band. Time series photometry was used to constrain the size, shape and rotational period of the 10 nuclei. Assuming a geometric albedo of 0.04 for the R band, a linear phase law with a coefficient of 0.04 mag deg Because of the limited time coverage (∼11 h), the rotational periods could not be accurately determined, multiple solutions were sometime found and three periods were not constrained at all. Our estimates range from ∼5 to ∼32 h. The lower limits for the ratio a/b of the semi-axis of the equivalent spheroids range from 1.10 (70P) to 2.20 (87P). The four nuclei for which we could measure (V − R) are all significantly redder than the Sun, with 86P/Wild 3 (V − R) = 0.86 ± 0.10 appearing as an ultrared object. We finally determined the dust activity parameter Af ρ of their coma in the R band, the colour indices and the reflectivity spectra of four of them.
Wide Field Planetary Camera 2 (WFPC2) mode of the HST, 0.0455 arcsec pixel −1 , to 'photometrically resolve' the nucleus in the presence of a surrounding coma. We refer the reader to our review article (Lamy et al. 2004 ) and references therein for an overview of our past works and results. We present below the detailed analysis of the multi-orbit observations performed during cycle 9 of the HST (2000 July to 2001 June). We selected 10 short-period comets listed in Table 1 which came reasonably close to Earth in order to maximize the projected spatial resolution and in turn the contrast of the nucleus over the coma. Their principal orbital parameters, perihelion and aphelion distances, eccentricity and inclination, are given in Table 1 .
The nuclei of these comets were all detected, and we determined their radius (assuming an albedo and a phase function) and estimated their shape and rotational period. These results benefit from a new, thorough analysis of the observations and therefore supersede those reported in our review article (Lamy et al. 2004) , although the differences are generally minor. Their comae were characterized by their Af ρ values (which are proportional to the dust production rate and the dust reflectivity) and for four of them, by their colours and their reflectivities.
O B S E RVAT I O N S A N D DATA A NA LY S I S
The journal of the observations as well as the geometric circumstances is presented in Table 2 . Eight contiguous orbits (with a few exceptions mentioned below) covering a global time interval of ∼11 h were devoted to each of the 10 comets. Each HST orbit offers ∼30 min of observational time (including overhead). All images were taken with the Planetary Camera (PC) mode of the WFPC2 and with the broad-band F675W filter. Depending upon the exposure times, we could add observations with the F555W filter (four comets) and with the F439W filter (two comets). Table 3 gives the characteristics of these filters (Biretta et al. 1996) . The pixel scale of 0.045 arcsec translated to a typical projected distance at the comets of ∼50 km with extreme values of 43.0 km (86P) and 90.7 km (82P). All images were processed using the Routine Science Data Processing System at the Space Telescope Science Institute. Fig. 1 illustrates one of the F675W image for each comet. Note. λ: the mean wavelength (nm), λ: equivalent width (nm). Definitions are given in Biretta et al. (1996) .
The analysis of the data consisted in applying our standard method of fitting a parametric model of the expected surface brightness to the observed images. The most general model represented by a two-dimensional array of brightness values is simply given by
where PSF denotes the point spread function of the telescope and ⊗ represents the convolution operator. The nucleus is not resolved so that
where δ is the Dirac delta function, ρ is the radial distance from the centre and k n is a scaling factor. Specifying a model for the coma very much depends on how complex it appears on the real images, and we developed various models accordingly in our past works (Lamy et al. 2004 ). As expected, most inner comae appear circular symmetric, and the few others do not sufficiently depart from this property to warrant the most general procedure we implemented for comet 19P/Borrelly (Lamy, Toth & Weaver 1998b) . We therefore use the simple isotropic model
where k c is a scaling factor for the coma and p is the power exponent of the brightness variation versus distance from the nucleus (optocentre) in the image plane. The point spread function (PSF) of the telescope was modelled using version 4.0b of the TINYTIM software written by Krist (1995) which has the capability of including the jitter of the HST, sometime conspicuous on long exposures. For each comet, we first superimposed all individual azimuthally averaged profiles constructed from the original images by performing a polar transformation of the images centred on the nucleus (the pixel having the largest signal) with an angular resolution of 1
• and summing the 360 individual profiles. This offers a global view of the temporal variations recorded during the 11-h time interval: generally the coma remains stable while variations are observed in the central pixels highlighting the varying cross-section of the nucleus. Anomalous profiles were easily detected and the corresponding images were removed from the list. The background was also determined for subsequent subtraction from the original images. We further applied a procedure to detect and correct for the cosmic ray impacts following the method developed by Buie (1996) except in a small circular region centred at the peak pixel in order to avoid affecting the nucleus. The azimuthally averaged profiles were then recalculated and combined altogether to generate a super-average profile. Model fitting of these profiles yielded a robust determination of the coma parameters k c and p. All coma profiles were fitted with power exponents ranging from p = −1 (the canonical situation of a steady-state, spherically symmetric outflow from the nucleus with constant velocity) to p = −1.30.
We then proceeded with our standard technique to analyse the individual images. In order to take into account the sub-pixel location of the nucleus, which may cause a marked asymmetry of the brightness profiles, the model images were generated on a finer grid than the original PC pixel, with a resampling factor of 9. The fit to the real images was performed after integrating the model over 9 × 9 sub-pixels to recover the original pixel of the PC. Note that the ρ p function was rigorously calculated in the central 3 × 3 pixels to take into account the finite extent of the pixels; this effect is negligible beyond this central area. The sub-pixel locations of the nuclei (x n , y n ) were first determined using the X and Y profiles through the pixels displaying the peak signals as well as first estimates of the model parameters (see Fig. 2 for examples). Their final determinations, as well as those of the jitter if any, were performed on azimuthally averaged radial profiles as introduced in the case of comet 46P/Wirtanen (Lamy et al. 1998a ). The jitter was, however, limited to 0.010 arcsec and all solutions requiring larger values were disregarded as we noticed that they introduced a systematic bias on the fits. Altogether, we processed a total of 242 images.
The 1σ error affecting the data can be expressed as
where B is theobserved signal in DN, g = 7 electrons DN −1 is the gain, = 5 electrons is the readout noise and f = 0.01 expresses the flat-field noise as a fraction of the signal. The azimuthal averaging of the 360 profiles reduces the error, typically by √ 360, although strictly speaking, the profiles are not uncorrelated. The error coming from the fitting procedure is expressed as a fraction of the signal in the central pixels where the signal is dominated by the nucleus:
The fraction ε f is estimated from the residuals and typically ranges from 0.02 to 0.10. The 1σ error affecting the signal of the nucleus is therefore given by
and is always dominated by the second term, i.e. the error coming from the fitting procedure. The determination of the absolute magnitudes was performed on the k n PSF images, which measure the brightness of the nucleus as it would be observed by the HST in the absence of coma. The procedure follows the prescriptions of Holtzman et al. (1995) . The so-called instrumental magnitudes were calculated by integrating the scaled PSFs in an aperture of 0.5-arcsec radius, so that no aperture correction is required. The formulae converting the instrumental WFPC2 magnitudes to the standard Johnson-Kron-Cousins R magnitudes require a colour correction in the first and second orders of the (V − R) colour index. For the four nuclei for which we have observations with two filters, we could combine the formulae and solve for all magnitudes without any assumption on the colour of the nucleus. For the other six nuclei, we adopted the mean value Figure 2 . Examples of profiles across the peak pixel of the nucleus of comet 47P/Ashbrook-Jackson: X profile (top row) and Y profile (bottom row). The left-hand column corresponds to a nucleus centred on the peak pixel. The right-hand column corresponds to a nucleus in a corner of the peak pixel. This illustrates the importance of performing the model fitting at sub-pixel resolution. Note. R app : apparent magnitude of the nucleus in the Johnson-Kron-Cousins photometric system, m: observed range of R app , P rot : rotational period; the first one is the most probable in the case of multiple solutions ( : lower limit, U: unconstrained).
r n,a : effective radius of the nucleus from the mean R app (see assumptions in the text), a/b: minimum value of the axial ratio of the equivalent prolate spheroid, a × b (km 2 ): semi-axes of the equivalent prolate spheroid, r n,v : equivalent radius of the nucleus, (V − R), (B − V): colour indices. a 76P/West-Kohoutek-Ikemura.
of the colour index (V − R) = 0.49 that we calculated from the colour distribution of 44 nuclei of ecliptic comets together with a standard deviation (not an error) of 0.094 ). The errors σ affecting the signal of the nucleus (equation 6) and the colour uncertainties (or the above standard deviation as appropriate) were propagated through the transformation formulae, and the final uncertainties on the R magnitudes listed in Table 4 include the systematic errors on the zero-points of the calibration.
T H E P RO P E RT I E S O F T H E N U C L E I
We analysed our individual light curves in terms of the varying apparent cross-section of a prolate spheroid with semi-axes a and b = c rotating around one of its short axes. The projected area of a spheroid in simple rotation is given by
where φ is the rotation angle and is the so-called aspect angle between the spin vector of the nucleus and the direction to the Earth. From the absolute magnitudes corresponding to the minimum and maximum projected areas, we can obtain a solution for the spheroidal shape of the nucleus. As is not known, only a minimum value of a/b can be obtained, corresponding to = 90
• . The situation is further complicated by the fact that, for several nuclei, we did not secure the expected double peak light curve, but only a partial curve whose extrema are not necessarily well determined. Consequently, in Table 4 we report for each nucleus the average value of the measured R apparent magnitudes as well as the corresponding range.
We searched for the rotational period of the nuclei using the discrete Fourier transform (DFT) algorithm for unequally spaced data. The power spectra of the data were calculated relying on the Kurtz (1985) implementation of the Deeming (1975) DFT formalism. The original magnitude data were used as an input to the period analysis without any correction for the (negligible) changes in the heliocentric and geocentric distances during the observational intervals. For each nucleus, we display its periodogram and report the most likely periods in Table 4 ; the associated formal error is taken as the full width at half-maximum of the spectral power distribution at the quoted period. In the case of several maxima of comparable strength, the period is poorly defined and the real uncertainty is therefore much larger. In addition, the uncertainties affecting the measured magnitudes were not propagated in the period determination because this would have required a major effort (for instance, a Monte Carlo simulation sampling the uncertainty range of each data point), out of proportion with our presently limited data sets. Their influence was simply ascertained by comparing the calculated light curves with the real data and their error bars. This will be discussed on a case-by-case basis in the following sections.
The apparent R magnitude of a body is related to its physical properties by (Russell 1916; Keller 1990; Lamy et al. 2004 )
where p R is the geometric albedo in the R band, (α) is the phase function at phase angle α (deg) in the same band, r n is the nucleus radius (m), r h and are, respectively, the heliocentric and geocentric distances (au), R Sun is the apparent R magnitude of the Sun and R Nuc is the apparent R magnitude of the nucleus. We assume p R = 0.04 consistent with the low albedo of cometary nuclei (Lamy et al. 2004) . Whenever possible, we imposed among our observational constraints the fact that the nuclei be observed at α > 5
• so as to avoid a possible opposition effect and therefore so as to remain in the quasi-linear regime of the phase function. This was the case for five comets and we relied on the canonical expression (α) = 10 −0.4αβ with a phase coefficient β = 0.04 mag deg −1 as used in our previous works. There were however five cases for which this condition could not be satisfied, and two comets (82P, 86P) among them were even observed at α < 2
• . In order to account for a possible opposition effect in these five cases, we adopted the phase function of the nucleus of 19/Borrelly as determined by Li, A'Hearn & McFadden (2007, their solution 1) . It is characterized by a linear part with a coefficient β = 0.04 mag deg −1 (therefore consistent with our nominal assumption) down to a phase angle of ∼6
• and an opposition surge of 0.25 mag. The resulting correction on the radius of the nucleus typically amounts to a few per cent, with a maximum of 6.2 per cent for 82P/Gehrels 3 which has been observed at a phase angle of only 0.
• 82. This explains the slight differences with the values reported in our review article (Lamy et al. 2004) .
Our results for the 10 nuclei detected with the HST from 2000 July to 2001 June are summarized in Table 4 . For each comet, we report the mean apparent R magnitude (i.e. the average of all valid measurements), the observed range and the radius of the nucleus calculated from this mean magnitude assuming the linear phase function with β = 0.04 mag deg −1 for the five comets observed at α > 5
• or the phase function of 19P/Borrelly for the five comets observed at α < 5
• . From the light-curve analysis, we report the rotational period(s), the spheroidal shape solution corresponding to = 90
• and the equivalent radius r n,v , i.e. that of the sphere having the same volume as the spheroid. For those nuclei observed through different filters, we finally report the colour indices. In the following sections, we present individual results by displaying a typical azimuthal fit, the light curve and the periodogram for each comet. We further briefly summarize other determinations (if available) of the size of each nucleus on the basis of our extensive review article (Lamy et al. 2004) and any new results which may have appeared in the meantime. The question of colours is only briefly addressed as their interpretation in the general context of the primitive bodies in the Solar system is presented elsewhere ).
47P/Ashbrook-Jackson
47P was observed with the HST on 2000 July 26 when the comet was at r h = 2.57 au inbound, = 1.59 au and at a solar phase angle of 7.
• 16. The comet was later at perihelion on 2001 January 6 at r h = 2.30 au. Six images were acquired during each HST orbit in the following sequence: F675W filter (120 s), F555W filter (120 s), F439W (1000 s split in two exposures of 500 s each), F675W (60 s) and F675W (120 s), resulting in a total of 48 images. All azimuthally averaged profiles and super-average profiles are displayed in Fig. 3 . Out of the original 24 F675W images, five were discarded because they could not be properly fitted with our model. The coma was not in a steady state and characterized by p = −1.07, but the signal from the nucleus always exceeds that of the coma in the peak pixel by typically a factor of ∼2.5. The 19 F675W images led to a very partial rotational light curve and consequently a poorly constrained period (Fig. 4) . In order of significance, the periodogram indicates 16 ± 8, 8.4 ± 0.2 and 5.2 ± 0.1 h. The corresponding light curves assume that we have observed the minima at the start and end of the data set. We cannot be sure that this is the case from these data. Therefore, even the largest determined period is really a lower limit. We determined a mean value of the nucleus radius of 2.86 ± 0.08 km and a minimum value for the axial ratio a/b > 1.44. We also obtained colour indices (B − V) = 0.78 ± 0.08 and (V − R) = 0.40 ± 0.08.
47P was observed at r h = 4.70 au inbound and at a phase angle of 2.
• 0 by Licandro et al. (2000) . Their snapshot observation revealed an apparently inactive nucleus (based on its stellar appearance), and they obtained R(1, 1, α) = 14.88 ± 0.14 and (V − R) = 0.40 ± 0.3, this colour index being in perfect agreement with our value. Using our standard assumptions, we calculated a radius r n = 3.1 ± 0.2 km. If we further introduce the correction for the opposition effect as described above, this value is slightly revised to r n = 3.0 ± 0.2 km entirely compatible with our mean value. Snodgrass, Lowry & Fitzsimmons (2006) secured time series on two consecutive nights, 2005 March 5 and 6, when the comet was at r h = 5.42 au inbound, at phase angles of, respectively, 3.
• 5 and 3.
• 2, and reported inactive based on the stellar profile of their images. They measured a mean magnitude R(1, 1, α) = 14.756 ± 0.007, a magnitude range of 0.45 mag, (V − R) = 0.45 ± 0.03 and (R − I) = 0.38 ± 0.03. Using our standard assumptions and a small correction for the opposition effect, we derived a radius r n = 3.35 ± 0.01 km, the axial ratio being a/b > 1.5 ± 0.1. All their uncertainties appear incredibly small. Analysing the periodogram of 47P, they found four statistically acceptable rotational periods, 11.2, 15.5, 21.6 and 44.0 h. Only their second value, 15.5 h, is compatible with our most probable value of 16 h. Both sets also agree on a range of 0.4-0.45 mag so that the sinusoidal fit with an amplitude of 1.45 mag (i.e. an axial ratio of 3.8) proposed by Snodgrass et al. (2006) to guide the eye is certainly not realistic. We note that both light curves share the common feature of an abrupt and narrow minimum, a possible signature of a complex shape with shadow effects. Snodgrass, Lowry & Fitzsimmons (2008) reobserved 47P on two consecutive nights, 2006 March 1 and 2, when the comet was at r h = 5.11 au inbound and at phase angles of, respectively, 8
• .9 and 8
• .8. The comet was found faintly active with a faint tail so that the average magnitude over the two nights only implies R(1, 1, α) ≥ 15.23 for the nucleus and r n ≤ 3.02 ± 0.05 km (using our standard assumptions), and a/b > 1.4. They also obtained colour indices (V − R) = 0.29 ± 0.06 and (R − I) = 0.79 ± 0.07 which they concede are 'unusual when compared to typical nuclei colours' and certainly incompatible with the results reported above; in fact we discarded them in our analysis of nuclei colours . A probable explanation is that a non-negligible contribution from the coma affected the photometry of the nucleus.
We present in Fig. 5 a revised version of fig. 6 of Snodgrass et al. (2008) since it does not correctly display our result. We plotted the reduced magnitudes R (1, 1, α) of the different observers to check their consistency and to possibly constrain the phase function of the nucleus of 47P. This requires that we attempt to understand at which rotational phases the magnitudes were obtained. Both we and Snodgrass et al. (2006) have very likely recorded the maxima of the light curve which are very relevant characteristic points to determine the phase function (Li et al. 2007 ). These maxima are therefore displayed in Fig. 5 as well as the observed ranges of variation: 0.45 mag for Snodgrass et al. (2006) and 0.4 mag for our HST observations. The situation is less clear for the 2006 observations of Snodgrass et al. (2008) as they only report an average magnitude over two nights and a range as quoted above; this average has been plotted as the mid-point of the specified range. Fig. 5 confirms that this average is an upper limit as emphasized above and therefore cannot be used to constrain the phase function. It is of course impossible to figure out the rotational phase of the snapshot observation of Licandro et al. (2000) , so we simply plotted it with its uncertainty. The two maxima, that of Snodgrass et al. (2006) and ours, imply a phase coefficient β = 0.17 mag deg −1 which could only be reconciled with the result of Licandro et al. (2000) by considering that their upper limit corresponds to the minimum cross-section of the Figure 4 . Results for the nuclei of 47P/Ashbrook-Jackson (left-hand column) and 61P/Shajn-Schaldach (right-hand column) as deduced from our HST observations. Top two panels: azimuthally averaged radial surface brightness profile of an F675W image in log-log representation. The thick solid line represents the observation, the dashed line is the estimated signal from the nucleus, the thin solid line is the estimated coma and the dash-dotted line is the fitted model (sometime undistinguishable from the observation). The graphs below display the residuals in per cent. Middle panels: Apparent R magnitude data and possible light curves calculated assuming a spheroidal nucleus. Bottom panels: periodograms displaying the DFT spectral power as a function of frequency. The period corresponding to the maximum power is indicated (note that the rotational period of the nucleus is twice the DFT period). nucleus. Even if it were the case, the value of β and the corresponding opposition surge (∼0.85 in the range of 0
• -5 • ) are so large that they are unrealistic. On the contrary, our result and that of Licandro et al. (2000) are well compatible with the phase function of the nucleus of 19P/Borrelly as determined by Li et al. (2007) (and even with our standard law with a constant phase coefficient of 0.04 mag deg −1 ), just implying that Licandro et al. (2000) observed the nucleus close to its maximum cross-section. As argued by Lamy et al. (2004) , this is likely to be the case for a snapshot observation.
61P/Shajn-Schaldach
61P was observed with the HST on 2000 August 5 when the comet was at r h = 2.96 au inbound, = 1.96 au and at a solar phase angle of 3
• .6. The comet was later at perihelion on 2001 May 9 at r h = 2.33 au. A pair of F675W images, each with an exposure time of 1100 s, were taken but only during the first and the last three orbits as orbits 2, 3, 4 and 5 were lost. All azimuthally averaged profiles and super-average profiles are displayed in Fig. 6 . The coma was not in steady state and characterized by p = −1.06, the nucleus and the coma contributing equally to the signal in the peak pixel (Fig. 4) . Seven out of the original eight images could be properly fitted with our model yielding a very partial rotational light curve and consequently a poorly constrained period. In order of significance, the periodogram indicates 20 ± 4, 9.3 ± 0.8 and 4.9 ± 0.2 h. Likewise 47P, the corresponding light curves assume that we have observed the minima at the start and end of the data set but we cannot be sure that this was the case from these data. However inspecting Fig. 4 and taking into account the error bars, the shortest rotational period of 4.9 ± 0.2 h appears plausible. We determined a mean value of the nucleus radius of 0.61 ± 0.03 km and a/b > 1.3.
The snapshot observation of Lowry et al. (2003) at r h = 4.4 au, performed under non-photometric conditions, gave r n = 0.92 ± 0.24 km. The low end, r n = 0.68 km, is consistent with our HST result. The comet may still have been weakly active at 4.4 au.
70P/Kojima
70P was observed with the HST on 2001 March 29 when the comet was at r h = 2.52 au outbound, = 1.53 au and at a solar phase angle of 4.
• 30. The comet had passed perihelion on 2000 September 14 at r h = 2.00 au. Four images were acquired during each HST orbit, two with the F675W filter (600 s each) and two with the F555W filter (300 s each), for a total of 32 images. All azimuthally averaged profiles and super-average profiles are displayed in Fig. 7 . However, out of the 16 F555W images, only seven could be properly fitted with our model. The coma was not in steady state and characterized by p = −1.07, but the signal from the nucleus always exceeds that of the coma in the peak pixel by typically a factor of ∼3. We recorded only a partial light curve (Fig. 8) and the period analysis yielded P rot = 22 ± 5 h. However inspecting this figure and taking into account the error bars, we concluded that the rotational period is unconstrained. We derived a mean radius of 1.82 ± 0.09 km, a/b > 1.1 and a colour index (V − R) = 0.60 ± 0.09. Snodgrass et al. (2008) observed 70P as a faint, unresolved comet in proximity to a bright field star and derived a radius of 2.18 ± 0.15 km under the assumption that it is unaffected by star light. As pointed out by these authors, their and our results are compatible since we only determined a minimum axial ratio a/b. Combining both results implies a/b > 1.4, which is typical for ecliptic comets.
74P/Smirnova-Chernykh
74P was observed with the HST on 2001 April 12 when the comet was at r h = 3.56 au outbound, = 2.69 au and at a solar phase angle of 9.
• 3. The comet had passed perihelion on 2001 January 15 at r h = 3.55 au. Two F675W images, each with an exposure time of 1100 s, were taken per orbit for a total of 16 images. All azimuthally averaged profiles and super-average profiles are displayed in Fig. 6 . The coma was not in steady state and characterized by p = −1.08, the nucleus contributing slightly less than the coma to the signal in the peak pixel; however, all 16 images could be properly fitted to the model. We obtained a partial light curve (Fig. 8) and the period analysis yielded P rot = 28 ± 6 h. However inspecting this figure and taking into account the error bars, one could fit a horizontal line to this graph with the exception of one point. We therefore concluded that the rotational period is essentially unconstrained. We derived a mean radius of 2.25 ± 0.1 km and a/b > 1.1.
The very active coma explains why Licandro et al. (2000) who observed 74P at r h = 4.57 au and Lowry et al. (1999) who observed it at r h = 4.61 au obtained only upper limits, r n 11.2 and ≤7.1 ± 1.1 km, respectively.
76P/West-Kohoutek-Ikemura
76P was observed with the HST on 2001 April 12/13 when the comet was at r h = 3.09 au outbound, = 2.26 au and at a solar phase angle of 12.
• 1. The comet was earlier at perihelion on 2000 June 1 at r h = 1.60 au. Two F675W images, each with an exposure time of 1100 s, were acquired during the first six HST orbits for a total of 12 images. The last four images were lost because their exposure times were accidentally limited to 0.5 s. One additional image was lost because of a cosmic ray impact within 2 pixels of the nucleus. All azimuthally averaged profiles and super-average profiles are displayed in Fig. 6 . The coma was not in steady state and characterized by p = −1.07. The signal in the peak pixel is dominated by the nucleus, exceeding that of the coma by typically a factor of 7. We obtained a complete light curve (Fig. 9) and derived a mean radius of 0.31 ± 0.01 km, a/b > 1.45 and a rotational period P rot = 6.6 ± 1 h. Figure 6 . Azimuthally averaged radial surface brightness profiles of the F675W images of comets 61P/Shajn-Schaldach (top row), 74P/Smirnova-Chernykh (middle row) and 76P/West-Kohoutek-Ikemura (bottom row). The left-hand column displays all superimposed profiles constructed from the original images. The right-hand column displays the average profiles after removal of cosmic ray impacts, background and anomalous profiles (if any).
82P/Gehrels 3
82P was observed with the HST on 2000 November 30 when the comet was at r h = 3.73 au inbound, = 2.75 au and at a solar phase angle of 0.
• 8. The comet was later at perihelion on 2001 September 3 at r h =3.62 au. Two F675W images, each with an exposure time of 1100 s, were acquired during the first six and the last HST orbits for a total of 14 images. The two images of orbit 7 were lost because their exposure times were accidentally limited to 0.5 s. All azimuthally averaged profiles and super-average profiles are displayed in Fig. 10 . The coma was in steady state (p = −1). The signal in the peak pixel is dominated by the nucleus, exceeding that of the coma by typically a factor of 5. We obtained a partial light curve (Fig. 9 ) and a rotational period P rot = 24 ± 5 h. However, the situation is very similar to that of 47P so that the above value is really a lower limit. We derived a mean radius of 0.59 ± 0.04 km and a/b > 1. 59 .
The comet appears to be active all along its orbit, so that Licandro et al. (2000) could only determine an upper limit for the size of the nucleus, r n < 3.0 km.
86P/Wild 3
86P was observed with the HST on 2001 May 26 when the comet was at r h = 2.32 au inbound, = 1.30 au and at a solar phase angle of 1.
• 8. The comet was later at perihelion on 2001 June 18 at r h = 2.31 au. Altogether 40 images were taken, five per orbit organized as follows: one image with the F675W filter (200 s), one with the F555W filter (200 s), two with the F439W filter (500 s each) and again one with the F675W filter (200 s). All azimuthally averaged profiles and super-average profiles are displayed in Fig. 11 . Many images (seven with the F675W filter) could not be properly fitted by the model or were rejected because of excessive jitter. The coma was not in steady state and characterized by p = −1.20. In the peak pixel, the signal of the nucleus exceeds that of the coma by factors ranging from 1.5 to 3. A very limited rotational light curve was obtained from the valid nine F675W images (Fig. 12) , and consequently three rotational periods appear equally probable: 37 ± 10, 8.6 ± 0.6 and 5.1 ± 0.2 h. However, the situation is very similar to that of 74P as one could fit a horizontal line to this graph with the exception of one point. We therefore concluded that the rotational period is essentially unconstrained. We determined a mean radius of 0.37 ± 0.02 km, a/b > 1.35 and colour indices (B − V) = 1.58 ± 0.08 and (V − R) = 0.86 ± 0.10. Lowry & Fitzsimmons (2001) could not detect this comet at r h = 4.69 au inbound and thus derived an upper limit for the size of its nucleus, r n ≤ 0.9 km. A snapshot observation at r h = 4.95 au by Meech, Hainaut & Marsden (2004) yielded r n = 0.65 ± 0.03 km. As mentioned by , this observation unfortunately took place when the nucleus was very faint and very close to a bright star (Hainaut, private communication), so the reported size and very blue colour are incorrect.
87P/Bus
87P was observed with the HST on 2001 June 7 when the comet was at r h = 2.45 au outbound, = 1.43 au and at a solar phase angle of 2.
• 4. The comet was earlier at perihelion on 2000 December 29 at r h = 2.18 au. Altogether 16 F675W images were taken, two per orbit, each with an exposure time of 1100 s. All azimuthally averaged profiles and super-average profiles are displayed in Fig. 10 . The coma was not in a steady state and characterized by p = −1.20, the nucleus and the coma equally contributing to the signal in the peak pixel. 15 images could be properly fitted to the model. We obtained a partial light curve (Fig. 12) and a rotational period P rot = 32 ± 9 h which looks plausible taking into account the relatively small uncertainties. We derived a mean radius of 0.26 ± 0.01 km and a/b > 2.2.
Two upper limits have been reported, r n ≤ 0.6 km at r h = 4.32 au (undetected) by Lowry & Fitzsimmons (2001) and r n < 3.42 km at r h = 4.77 au (close to aphelion) by Meech et al. (2004) who mentioned that a coma was present. It is probably impossible to detect this very small nucleus from the ground.
110P/Hartley 3
110P was observed with the HST on 2000 November 24 when the comet was at r h = 2.58 au inbound, = 1.61 au and at a solar phase angle of 5.
• 06. The comet was later at perihelion on 2001 March 21 at r h =2.48 au. Altogether 40 images were taken, five per orbit organized as follows: two images with the F675W filter, two with the F555W filter and again one with the F675W filter, all with an exposure time of 300 s. All azimuthally averaged profiles and super-average profiles are displayed in Fig. 13 . Many images (nine with the F675W filter) could not be properly fitted by the model or were rejected because of excessive jitter. The coma was not in steady state and characterized by p = −1.17. The signal of the nucleus exceeds that of the coma by a factor of typically 1.5 in the peak pixel. A complete rotational light curve was obtained from the valid 15 F675W images (Fig. 14) , but two rotational period aliases of each other appear equally probable because of the limited sampling: 9.4 ± 1 and 4.9 ± 0.2 h. We determined a mean radius of 2.20 ± 0.1 km, a/b > 1.3 and a colour index (V − R) = 0.67 ± 0.09.
147P/Kushida-Muramatsu
147P was observed with the HST on 2001 January 2 when the comet was at r h = 2.83 au inbound, = 2.30 au and at a solar phase angle of 18.
• 8. The comet was later at perihelion on 2001 April 29 at r h =2.75 au. Altogether 16 F675W filtered images were taken, two per orbit, each with an exposure time of 1100 s. All azimuthally averaged profiles and super-average profiles are displayed in Fig. 10 . The coma was in steady state (p = −1), its signal in the peak pixel exceeding that of the nucleus by a factor of ∼2; however, all but one images could be properly fitted to the model. We obtained a (poorly sampled) complete light curve (Fig. 14) . The periodogram slightly favours a rotational period of 10.5 ± 1 h but the aliased period of 4.8 ± 0.2 h is possible. We determined a mean radius of 0.21 ± 0.02 km and a/b > 1.53. Lowry, Fitzsimmons & Collander-Brown (2003) could not detect this comet at r h = 4.11 au and set an upper limit for the size of its nucleus, r n ≤ 2.0 km. It is probably impossible to detect this very small, highly active nucleus from the ground.
Colours of the nuclei
The various colour indices which result from our measurements are summarized in Table 4 . The colours of the four cometary nuclei are very diverse and systematically redder than the Sun whose colour indices are (B − V) = 0.65 and (V − R) = 0.35. We single out the nucleus of 86P/Wild 3 which appears among the reddest objects in the Solar system. The reader is directed to the article by for an extended discussion of the colours of cometary nuclei in comparison with other primitive bodies of the Solar system. Figure 9 . Same as Fig. 4 , but for 76P/West-Kohoutek-Ikemura and 82P/Gehrels 3.
T H E P RO P E RT I E S O F C O M A E
We now turn our attention to the coma of the 10 comets and characterize them on the basis of the standard quantity Af ρ and of their reflectivity. These quantities involve the ratio R = F coma /F , where F coma and F are, respectively, the radiance of the coma and that of the Sun (expressed, for instance, in erg s −1 cm −2 Å −1 ) in a given spectral band. A convenient way to calculate R is to express it in terms of the signals measured on the images and expressed in DN s −1 :
where S , the signal that would be produced by the Sun if observed by the HST WFPC2 in a given filter, is directly obtained from the transformation formulae of Holtzman et al. (1995) using the known magnitudes and colour indices of the Sun.
Afρ
In order to quantify the activity of the observed cometary nuclei, we calculated the quantity Af ρ (A' Hearn et al. 1984) by integrating the coma signal in a circular aperture with a diameter equivalent to 400 km at the distance of each comet using their fitted coma models. When the coma is in steady state (p = −1), the integrated coma signal S coma is a constant which can be directly expressed in terms of k c , the scaling factor of the coma model. When the coma is not in steady state, the integration is performed on the image of the coma model, and S coma obviously depends upon the aperture size. Uncertainties on the Af ρ values were calculated likewise those on the nucleus fluxes. We display in Table 5 our results obtained with the F675W filter together with those already published in the literature. We selected this filter because it is very close to the R band often used by ground-based observers and because it is generally free of any major gas emission, and therefore relevant to the dust continuum. One should keep in mind that Af ρ, while being a proxy to dust production, is not directly amenable to the dust production rate Q d . Af ρ still involves observational parameters so that comparisons between various observations are generally not straightforward (even if the coma is in steady state ensuring that Af ρ is independent of the aperture size), a fact often overlooked by many cometary observers. This comes from the term A, the geometric albedo of the dust grains averaged over their size distribution, which is therefore a function of scattering angle (i.e. phase angle) and of wavelength via their optical properties (i.e. composition). Both parameters are therefore specified in Table 6 . Finally, the various measurements were generally obtained at different apparitions and may reflect a variation in the intrinsic activity of a given comet. In spite of all these limitations, Table 5 indicates that the measurements are consistent with the expected behaviour of Af ρ with r h (i.e.
increases as r h decreases) and with the frequent trend of comets to be more active post-than pre-perihelion. Table 5 gives the colour indices of the coma of the four comets for which we obtained multifilter images: 47P, 70P, 86P and 110P. Note that they are totally different from those of the nuclei. Fig. 15 displays the normalized reflectivities of the comae calculated from the ratios S coma /S , further normalized at 670 nm, the effective wavelength of the F675W filter. The F439W filter may contain CN bands and the F555W filter may contain several C 2 bands while the F675W filter is generally considered to be free of any major gas emission (and therefore representative of the dust continuum) although it may include an NH 2 contribution. Unless Figure 11 . Same as Fig. 3 , but for 86P/Wild 3. the dust in the four comae have very unusual properties, we suspect that the four spectra displayed in Fig. 15 do not reflect the dust continuum and that, in particular, the signals in the F675W filter contain significant contributions of gas emissions. In the 423-540 nm spectral domain, the two measured spectra (47P and 86P) indicate a colour redder than the Sun, a general rule for cometary dust (Jewitt & Meech 1986 ) but the reflectivity gradients are quite large (∼110 per cent per kÅ) and therefore atypical of cometary dust. In the 540-670 nm spectral domain, the four spectra indicate a colour bluer than the Sun with therefore negative gradients (∼−25 per cent per kÅ) here again atypical of cometary dust. Removing probable gas contaminations from the F675W filter signals would likely bring the spectra more in line with the classical red colour of cometary dust.
Coma colour and reflectivity

C O N C L U S I O N S
We successfully detected the nucleus of 10 ecliptic comets with the WFPC2 of the HST and with the F675W (R) filter during cycle 9 (2000/2001). Four comets were further observed with the F555W (V) filter and the brightest two with the F439W (B) filter. Nominally, eight contiguous HST orbits were allocated to each comet ensuring a time coverage of ∼11 h and allowing us to secure full or partial light curves used to determine or constrain the size, shape and rotational state of the 10 nuclei.
Assuming a geometric albedo of 0.04 for the R band, a linear phase law with a coefficient of 0.04 mag deg −1 and an opposition effect similar to that of comet 19P/Borrelly, we first determined the mean values of the effective radius. Six of the 10 nuclei (60 per cent) have sub-kilometre radii: 61P/Shajn-Schaldach (0.62 km), 76P/West-Kohoutek-Ikemura (0.30 km), 82P/Gehrels 3 (0.69 km), 86P/Wild 3 (0.41 km), 87P/Bus (0.27 km) and 147P/KushidaMuramatsu (0.21 km). This is consistent with our past result on a different set of 13 ecliptic comets ) and points to the existence of a significant population of small, sometime very active nuclei whose detection and correct characterization are probably impossible with ground-based telescopes. Because of the limited time coverage (∼11 h), the rotational period could generally not be accurately determined and multiple solutions were even found in a few cases; our estimates range from ∼5 to ∼37 h. The lower limits for the ratio a/b of the semiaxis of the equivalent spheroids range from 1.10 to 2.20. Both results are consistent with our conclusions derived from a much larger set of 65 nuclei of ecliptic comets (Lamy et al. 2004) . A synthetic view of the size and shape of the 10 nuclei is presented in Fig. 16 , where we display their cross-sections assuming the spheroidal solutions with the minimum values of axial ratios a/b.
In their review article Lamy et al. (2004) emphasized that the radius calculated from an observed, apparent projected area will give, on average, an excellent estimate of the effective radius of the equivalent sphere, the averaging with respect to rotational phase being implicitly done when data are too scarce to construct a credible light curve. This statement is fully supported by our multi-orbit HST observations of the 10 nuclei as the values of r n,a and r n,v are remarkably close in all cases, in practice quasi-identical when taking into account the respective uncertainties. This is an important remark which validates using snapshot observations for determining sizes for the purpose of constructing the size distribution of cometary nuclei.
The four nuclei for which we could measure (V − R) are all significantly redder than the Sun, with 86P/Wild 3 (V − R) = 0.86 ± 0.10 appearing as an ultrared object.
We determined the Af ρ values for the comae of the 10 comets and found that they are generally consistent with past, groundbased measurements, keeping in mind that Af ρ depends on several observational parameters: wavelength, phase angle, aperture size (if the coma is not in steady state) and apparition. We could not characterize the spectral reflectivity of the dust continuum as we suspected significant gas contributions in the filter(s) used for the observations. 
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